The positive influence of crystallographic compatibility on the thermal transformation stability has been already investigated extensively in the literature. However, its influence on the stability of the shape memory effect or superelasticity used in actual applications is still unresolved. In this investigation sputtered films of a highly compatible TiNiCuCo composition with a transformation matrix middle eigenvalue of 1 ± 0.01 are exposed to thermal as well as to superelastic cycling. In agreement with previous results the thermal transformation of this alloy is with a temperature shift of less than 0.1 K for 40 cycles very stable; on the other hand, superelastic degradation behaviour was found to depend strongly on heat treatment parameters. To reveal the transformation dissimilarities between the differently heat-treated samples, the microstructure has been analysed by transmission electron microscopy, in situ stress polarization microscopy and synchrotron analysis. It is found that good crystallographic stability is not a sufficient criterion to avoid defect generation which guarantees high superelastic stability. For the investigated alloy, a small grain size was identified as the determining factor which increases the yield strength of the composition and decreases the functional degradation during superelastic cycling.
This article is part of the themed issue 'Taking the temperature of phase transitions in cool materials'.
Introduction
The effects observed in shape memory alloys (SMAs) are based on the structural transformation of the high-temperature austenite phase to the low-temperature martensite phase [1] . This first order transformation is characterized by a change in crystallographic symmetry, in the case of TiNi-based compositions, from cubic austenite to monoclinic or orthorhombic martensite. The structural change is the basis of all related effects. The transformation can be induced by raising the temperature beyond austenite start and finish temperatures A s and A f for the formation of austenite, and, by lowering the temperature below martensite start and finish temperature M s and M f for the reverse transformation. If an additional stress is applied, a pseudoelastic deformation can be observed, caused by the alignment of the long axis of martensite variants parallel to the axis of external tensile stress. Upon heating above the austenite finish temperature the original shape can be recovered. This shape memory effect can be used for actuator applications and has the potential to replace conventional linear actuators as a temperature variation is sufficient for actuation [2] . The phase boundary of martensite and austenite phases with respect to critical transformation stress and transformation temperatures is described by the Clausius-Clapeyron equation. This equation also describes the reversible stress-induced transformation at temperatures > A f from austenite to stress-induced martensite, known as superor pseudoelasticity. The superelastic transformation is characterized by large reversible strains up to 10% which makes it attractive for highly flexible structural materials and is already extensively used for medical applications [2] . Additionally, the structural change during the superelastic transformation along with the interrelated transformation enthalpy is promising for the development of novel cooling applications based on the elastocaloric effect [3] . Up to now, the limiting factor for a broad commercial device implementation of superelasticity and shape memory effect is the long-term stability.
Structural fatigue describes the failure of a material due to crack nucleation and growth similar to the mechanisms known from conventional metals and strongly depends on surface quality, dislocation mobility and defects that can act as nucleation sites. Crack formation and propagation have been studied extensively by in situ synchrotron [4] and in situ scanning electron microscopy [5] . It has been found that in the austenite phase, stress-induced martensite can form at a crack tip. This transformation allows for stress relaxation at the stress tip. Conversely, the martensite phase has a lower resistance of crack extension compared with austenite [5] . Owing to these contradictory effects the understanding of the stress-induced martensite on the fracture mechanics is complicated and not entirely understood [6] .
Functional fatigue of SMAs describes the change of thermally or stress-induced transformations and their related effects as a function of cycling number. Different cases have to be distinguished.
The first case is the thermally induced transformation without an external stress field. If no external stress is applied a decrease of M s is observed over the course of repeated transformations. This is attributed to the build-up and rearrangement of dislocations which can impede the martensitic transformation interface [7] . It has been observed that the crystallographic compatibility of the austenite and martensite phases, first described by the middle eigenvalue [8] and later refined through additional cofactor conditions [9] , improves the thermal transformation stability significantly. This is attributed to the smaller transformation interface misfits which results in smaller local stresses at the interface and, consequently, in a reduction of dislocation formation [9, 10] . Additionally, by approaching the ideal compatibility conditions a reduction of hysteresis for several SMA compositions has been predicted and was observed: e.g. a reduced hysteresis in TiNiCu [8] , zero hysteresis in TiNiCuPd [11] and high reversibility of TiNiPd [10] and ZnAuCu [9] .
In the second case, an additional global stress field is applied. As most SMA applications are actuators [2] , or are based on superelasticity an additional stress or strain field is required. In this case, defects are not only created by local invariant lattice strains but by the global stress field. Also the martensite variants have to accommodate to the global field besides the local constraints. In general, higher local stresses can be expected. Thus, for thermally induced transformation with an additionally applied strain or stress field different fatigue behaviour is observed. In contrast with the stress-free case an increase of M s is reported. This is explained by an assisted martensitic transformation by dislocations and defect arrangement [7] .
Superelastic fatigue is characterized by the change of the superelastic stress-strain behaviour from a flat to a steeper transformation curve progression, with a lower critical stress for transformation and the accumulation of remnant strain [12] . This degradation is commonly explained by slip deformation along with the formation of local stress fields that assist the stress-induced martensite transformation and enable the build-up of remnant martensite. Transformation bands, plastic deformation and the accumulation of remnant martensite during superelastic cycling have been investigated by numerous researchers using light microscopy [13, 14] . One underlying deformation process is identified as the movement of dislocations that is investigated by in situ strain transmission electron microscopy (TEM) [15] . If high functional stability is required dislocation movement has to be hindered effectively without impeding the transformation [16] .
Apart from some basic research on single crystals common NiTi-based alloys are in a polycrystalline state. The extent of dislocation mobility and slip resistance strongly depends on several microstructural features like work hardening [17] , grain size [18] , texture [19] or precipitates [20] [21] [22] [23] [24] . It was found that coherent, small Ni 4 Ti 3 precipitates in NiTi influence the transformation [20] , suppress dislocation movement and improve the functional stability [21] . A similar stabilization effect has been found for precipitates in the TiNiZr system [22] and in the TiNiCu system [23, 24] .
Grain-size reduction increases the martensitic transformation temperature [18] and can even completely impede the martensitic transformation [25] . On the other hand, grain refinement is an effective measure to increase the yield strength of a material and to avoid plastic deformation [26] .
The underlying microstructural mechanisms for functional fatigue have been studied extensively and are mostly understood. Nevertheless, it remains ambiguous to what extent microstructural features like grain size, precipitates and crystallographic compatibility obstruct slip and the formation of local stresses, remnant martensite and permanent strain. This is the case as the variation of a single microstructural parameter is an experimental challenge. Generally, by changing processing parameters several microstructural features are influenced simultaneously.
In this work, we report on two nearly precipitate-free TiNiCuCo thin films of the same composition but with different grain size adjusted by the heat treatment. Crystallographic compatibility, investigated by in situ stress synchrotron analysis, is similar for both compositions and they fulfil the ideal compatibility condition almost perfectly. Thermally induced transformation stability and superelastic fatigue behaviour, measured by differential scanning calorimetry (DSC) and tensile tests, are being compared. The differences are attributed to the microstructural changes observed by polarization microscopy, TEM and synchrotron analysis. This investigation should reveal if good cofactor conditions are sufficient to establish a stable stress-induced transformation behaviour besides the already-known thermally induced transformation stability and how the grain size acts on the transformation mechanisms.
Experimental methods
Dogbone-shaped structured TiNiCuCo samples have been prepared by multilayer sputter deposition of 500 layers using a 4 TiNiCu target and an 8 Co target. Further information on the structuring process can be found in [24, 27] . The as deposited amorphous samples with a thickness of 18 µm have been homogenized and crystallized in a sequential annealing step using a rapid thermal annealing device. Two different annealing temperatures have been chosen, 700 Synchrotron measurements have been executed at APS BM11 (wavelength 0.11168 Å) measured in transmission mode using an area detector. The samples are mounted in a self-built micro tensile holder consisting of an actuator (Pi M226-26S) and a load cell which enables the acquisition of stress-strain curves during the X-ray diffraction (XRD) measurement. The area diffraction patterns are integrated by using azimuthal integration (fit2d) along the stress direction and perpendicular to the stress direction [28] . Superelastic tensile tests up to 51 cycles have been performed at RT. For the 1st, 51st and 200th cycle, XRD patterns are acquired stepwise along the complete superelastic stress-strain curve.
The same sample holder has been applied to measure the microscopic transformation behaviour by using polarization microscopy. This measurement exploits the varying surface roughness of austenite and martensite phases and is a widely used technique to image the transformation interface and investigate changes of the transformation path after multiple transformation cycles [13] . The used polarization microscope Zeiss Axiomat is equipped with a video camera and 100 cycles of full superelastic transformation at RT have been recorded. Polishing of the sample is not necessary because sputter deposition yields surfaces with a low roughness.
TEM analysis has been performed on two microscopes. Firstly, a FEI Tecnai F30 G2 (field emission gun, 300 kV) and second a Jeol JEM-2100 (LaB 6 cathode, 200 kV). TEM samples have been prepared by focused ion beam (FEI Helios NanoLab) by cutting parallel to the mechanical load direction. Investigations of both heat-treated samples have been performed in the pristine state and after 51 of 200 cycles (the cycled samples are the same as used for the synchrotron measurements). First, bright field imaging was used to estimate the grain size of the samples. To investigate the accumulation of defects with cycling, weak beam dark field (WBDF) analysis was used which is a long established technique based on the change of Bragg condition within the stressed surrounding of a defect [29] . This method has been reported to be applicable for NiTibased alloys to image dislocations in the austenite phase [31] . In this work, the [100] direction of the austenite phase close to the g(2 g) or g(3 g) conditions is analysed. No thermal control was applied as A f is below RT.
Results (a) Macroscopic transformation behaviour (i) Tensile cycling
Ti 50.8 Ni 34.2 Cu 12.5 Co 2.5 films, annealed at 700 • C, show a severe functional fatigue behaviour characterized by accumulation of permanent strain until stable conditions of 0.8% remnant strain after approximately 50 cycles are reached (figure 1). The critical stress of transformation changes from a distinct value of approximately 200 MPa in the first cycle to a wider range of lower critical stress values which are difficult to quantify accurately. By contrast, the sample annealed at 600 • C shows a stable transformation for 200 cycles. At the start of the superelastic transformation, a stress peak can be observed that is almost reversible for 200 cycles and approximately 50 MPa higher than the actual superelastic transformation plateau. This stress peak for the nucleation of a martensite band is also observed for bulk materials [31] . The stress hysteresis of the first cycles is 86 MPa and 53 MPa wide for the samples annealed at 700 • C and 600 • C, respectively. (ii) Differential scanning calometry cycling 
(iii) Tensile yield stress
To measure the yield strength, cyclic tensile tests have been performed by sequentially increasing maximum stress using steps of 50 MPa (figure 3). In this work, the yield strength is defined as the critical stress with 0.2% irreversible strain remaining after unloading. The sample annealed at 700 • C measured at 100 • C has a yield strength of 390 MPa. The sample annealed at 600 • C is measured at 100 • C and 130 • C to distinguish between plastic deformation and stress-induced martensite. As the deformation stress plateau is changing with temperature, we assume a combination of plastic deformation and martensitic stress-induced transformation. Because the experimental set-up is limited to 130 • C, it can only be concluded that the austenite yield strength of the sample annealed at 600 • C is at least 880 MPa which is at least 490 MPa higher compared with the 700 • C heat-treated sample.
(b) Microstructural analysis XRD investigations of the undeformed samples at T Test < A f reveal the B2 structure as the dominant phase for both heat treatments. Weak additional peaks at 3.15 • and 4.71 • occur in both patterns which fit either the Ti 2 Ni or the Ti 2 Cu precipitate structure (figure 4).
(i) Remnant martensite
The XRD azimuthal integrated patterns, parallel and perpendicular to the stress direction, are compared to investigate the evolution and texturing of remnant martensite during mechanical cycling. Integration area and specimen alignment with stress direction can be found in figure 4b. • C (a) and 600
• C (c). XRD patterns are measured without external stress using an area detector (b). Areas parallel (a,c, top) and perpendicular (a,c, middle) to the stress direction are integrated. Undeformed state and patterns after 51 stress-induced transformation cycles are compared and an accumulation of textured stabilized martensite (indexed with B19) for the sample annealed at 700
• C is demonstrated. (figure 4a) additional B19 peaks occur after 51 cycles with different intensities for the pattern along the strain direction compared with the pattern perpendicular to the strain direction. Along the strain direction (001), (002), (012), (021), (022), (103) and (113) B19 peaks appear, whereas perpendicular to the strain direction (020), (200) and (220) B19 peaks occur. This is a clear indication for the accumulation of remnant martensite with a [001] texture along the stress direction. The investigation of the B2 peaks also shows a significant increase in broadening which can be interpreted as the accumulation of stress or grain refinement.
(c) Crystallographic compatibility
The aim of this investigation is to measure the lattice constants of the austenite and martensite phases under mechanical load during the superelastic transformation. This enables the calculation of the transformation matrix eigenvalues which describe the crystallographic Figure 6 . (a,b) Variation of (100) B2 lattice plane distances with applied stress for the samples annealed at 700
• C and 600
• C. Measurements parallel, , and perpendicular, ⊥, to the stress direction are shown, also extensional modulus and the contraction perpendicular to the direction of applied stress μ are denoted for the sample annealed at 600
• C. (c,d) Variation of the (100) B2 planes and the transition of the (110) B2 planes to the (010) B19 planes during the stress-induced transformation, measured perpendicular to the stress direction. (e) Variation of the stress-induced martensite planes (001) B19 (parallel to stress direction) and (100) B19 (perpendicular to stress direction) with applied stress. (f ) The change of (110) B2 and (010) B19 during the first cycle, shown in (c) and (e), is fitted linearly (top) to approximate the λ 2 value for different transformation stresses (below).
compatibility during the transformation. Details of the compatibility theory can be found in [32] . Before the transformation starts the austenite unit cell is elastically deformed. Indices and orientations used in this evaluation can be found in figure 5a,b.
The XRD area patterns of both heat-treated samples are measured during sequential mechanical loading and unloading of the first cycle and the 51st/200th cycle for the samples annealed at 700 • C/600 • C, respectively (figure 6). Azimuthal integrated patterns along the stress direction and perpendicular to the stress direction have been evaluated, similar to figure 4. The peaks are fitted numerically using a Gaussian fit function to determine the plane distances for the specific applied stress. Fitting errors, larger than the symbol size in figure 6 , are denoted by error bars. Similar to the ex situ investigation in figure 4 , peaks along the stress direction differ from those perpendicular to the stress direction. The austenite (100) B2 and (110) B2 peaks can be evaluated for both directions and reveal a distortion along the stress direction. In figure 6a-d the extensional modulus and the contraction perpendicular to the direction of applied stress of specific planes ( figure 6b,d) . The values of the extensional modulus under tension are determined to be 55.3 GPa for the [100] direction and 77.2 GPa for the [110] direction and are thus lower when compared with the values found for binary NiTi single crystals which are 92 GPa and 113 GPa, respectively [33] . It has to be pointed out that the sample annealed at 700 • C is excluded from the calculation because the error of the single d-values and the nonlinear scattering with increasing stress is much higher. This is caused by the large grain size of approximately 5 µm compared with the XRD spot size of 500 µm which reduces the statistical significance. After a few cycles the dotted polycrystalline rings recorded by the area detector become smoother and the error of the evaluation decreases. During superelastic transformation the (110) B2 plane transforms to the (010) B19 plane which is only observed perpendicular to the stress direction ( figure 6c,d) . The compatibility at the habit plane is described by the middle eigenvalue λ 2 which can be calculated for the orthorhombic martensite according to [8] (figure 5b):
The λ 2 value during the first cycle is approximately 0.99 for 600 • C and 700 • C, respectively. While for 600 • C the overall transformation behaviour of (100) B2 to (010) B19 does not change with increasing cycle number, for 700 • C the (010) B19 plane distance changes gradually and accommodates much better to (110) B2 after 51 cycles. Synchrotron tests were performed at room temperature only, which implies a given transformation stress plateau. To extend the determination of the eigenvalues to other temperatures (other transformation stresses), the change of (110) B2 and (010) B19 with stress for the first cycle has been fitted and extrapolated numerically (figure 6f ). The change of λ 2 with stress is very similar for both heat treatments; thus, the crystallographic compatibility at the interface is comparable for both samples.
Nevertheless, differences between both samples can be observed. For the sample annealed at 700 • C, no significant compression of (100) B2 perpendicular to the strain direction can be measured (figure 6a). Also a high remnant tensile strain of (100) B2 is detectable already after the first cycle. Additionally, the martensite lattice constants a (100) B19 and c (001) B19 are different for both heat treatments (figure 6e). (100) B19 , which can only be observed perpendicular to the stress direction, is another measure for crystallographic compatibility because it describes the second transformation direction of the habit plane from (100) B2 to (100) B19 . During the transformation, the crystallographic plane changes for the 700 • C sample from 3.012 Å ((100) B2 ) to 2.886 Å ((100) B19 ) at 250 MPa and for 600 • C from 3.005 Å ((100) B2 ) to 2.893 Å ((100) B19 ) at 330 MPa. As a result, the lattice misfit (100) B2 /(100) B19 of 3.8% for the sample annealed at 600 • C is smaller compared with 4.3% for the sample annealed at 700 • C.
The (001) B19 planes can only be observed along the stress direction. In theory, this value is proportional to the transformation strain of the superelastic stress-strain curve. Here the sample annealed at 700 • C shows a higher value despite the smaller superelastic transformation strain, even during the first superelastic cycle.
(d) Transmission electron microscopy investigations
Microstructural properties like grain size, precipitate composition and formation of dislocations after superelastic cycling have been investigated by TEM analysis. Bright field and high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images show a large difference in grain size for both samples ranging from approximately 300 nm and greater than 5 µm for the samples annealed at 600 • C and 700 • C, respectively ( figure 7a,b) . WBDF technique is performed to investigate the lattice distortions caused by local defects [29] . The exact condition for the WBDF images could not be determined due to the low intensity of the Kikuchi lines; however, for all cases recorded the conditions are close to g(2 g) or g (3 g). For the 600 • C samples before and after mechanical cycling (51 cycles) no formation of dislocations could be • C. For samples annealed at 600
• C and 700
• C, the grain size is approximately 300 nm and greater than 5 µm, respectively. For the latter case, a so-called curtaining effect is observed due to sample preparation by FIB cutting. (c,d) WBDF image of the 700
• C heated sample in the undeformed state and after 51 superelastic cycles, respectively. After superelastic cycling the formation of dislocations is observed. (e) Mass-sensitive HAADF-STEM micrograph of the sample annealed at 700
• C (before superelastic cycling) and corresponding EDX elemental maps (f ) reveal the formation of Ti-rich precipitates.
observed. However, owing to the small grain size, the use of WBDF is limited. WBDF images of the undeformed sample annealed at 700 • C show no formation of dislocations (figure 7c). However, bright spots could be observed and likely originate from additional excitation due to Ti-rich precipitates which were observed by elemental sensitive STEM-HAADF and STEM-EDX measurements (figure 7e,f ). In comparison, the same material (annealing temperature 700 • C) shows the formation of dislocations (bright lines) after 51 superelastic transformation cycles which clearly indicates the occurrence of irreversible plastic deformation (figure 7d).
(e) Microscopic transformation behaviour
To investigate the macroscopic transformation behaviour, polarization microscope images have been obtained during the superelastic transformation to observe the evolution of the transformation interfaces with increasing cycle number (figure 8). Polarization microscopy is a widely used technique based on the difference in surface roughness between the martensite and austenite phase. The sample annealed at 600 • C shows a single band transformation which does not change significantly for 200 cycles. Also the surface of austenite and martensite has a similar and low roughness. Before the first cycle and after 200 cycles atomic force measurements have been applied and no significant increase in surface roughness of the austenite phase is observed. The sample annealed 700 • C shows a much higher initial surface roughness of the stress-induced martensite phase. The initially smooth austenite surface becomes rougher with superelastic cycling even after the release of external force. Additionally, the transformation path changes with increasing cycle number from a single interface to a transformation that takes place simultaneously and continuously within the whole sample. 
Discussion
Both heat-treated samples exhibit a stable thermally induced transformation and a small hysteresis (figure 2). This observation combined with the high crystallographic compatibility measured by stress-induced XRD (figure 6) are in agreement with former investigations of different low hysteresis SMA systems like TiNiX (X = Cu, Pd, Pt, Au) [34] or ZnAuCu [9] . The transformation temperature stability is comparable with approximately 0.1 K reported for TiNiPd [10] , ZnAuCu [9] and TiNiCuPd [35] , which are alloys exhibiting ideal austenite/martensite compatibility of λ 2 = 1. Nevertheless, annealing at 600 • C compared with 700 • C results in a significantly different functional degradation behaviour of the superelastic transformation. The sample annealed at 600 • C reveals a stable stress-strain behaviour (figure 1) and a stable transformation path characterized by the reversible movement of a single transformation band (figure 8). The stress peak observed at the start of the superelastic plateau is assumed to be the energy barrier for stress-induced martensite transformation. Compared with the nucleation stress, the actual movement of the martensite transformation interface during the transformation is 50 MPa lower. For the back transformation, no similar nucleation peak is observed probably because remaining austenite provides a movable transformation interface.
For the sample annealed at 700 • C no similar nucleation behaviour is observed but there is a severe degradation of the superelastic transformation with increasing cycle number. Polarization microscope investigations show that the transformation path changes from distinct transformation interfaces in the first cycle to blurred transformation interfaces with higher cycle number. The same relation of superelastic degradation and the change of the transformation path has been investigated by several groups using IR thermography [36] and polarization microscopy [13] . The polarization microscope investigation also reveals a much rougher stressinduced martensite surface of the 700 • C sample compared with the 600 • C sample, already during the first cycle. By contrast, for the thermally induced martensite transformation no increase of surface roughness is observed. Apparently, the martensite variant structure of the thermally induced martensite is different from the stress-induced case.
Microstructurally, the superelastic degradation of the 700 • C sample is characterized by the accumulation of dislocations (figure 7) and the build-up of textured stabilized martensite. The high dislocation movement is caused by local stresses during the transformation because the yield stress ( figure 3) is not exceeded by the macroscopic plateau stress. XRD analysis reveals a small amount of precipitates contained in both samples, which are identified as a Ti-rich phase using STEM-EDX analysis (figure 7). A more detailed structure determination was not possible due to their small size. As the precipitates are found in both samples, precipitation hardening can be excluded as the reason for the huge difference in functional fatigue. The TEM analysis also reveals a large grain size difference of both samples. Because other microstructural parameters like precipitates and crystallographic compatibility are similar for both samples, the grain size seems to be the major reason for the difference in functional stability. Fine grains can act in two ways to stabilize the transformation. First, by limiting the dislocation movement which is a convenient measure to increase the yield strength of conventional metals [37] as well as for TiNi [16] . One the other hand, it was also found that a high yield strength is not necessarily a warrant for stable functional behaviour [38] . Second, the fine-grained structure might act as a constraint for the martensite variants. This results in finer martensite twins which reduce the surface roughness of the stress-induced martensite and thereby avoid local stress peaks which are the reason for plastic deformation and stabilized remnant martensite.
Conclusion
Two TiNiCuCo samples with similar crystallographic compatibility and precipitate content but different grain sizes of greater than 5 µm and approximately 300 nm are prepared by sputter deposition and sequential annealing. A strong asymmetry between thermally and stress-induced transformation stability has been found. While both grain sizes result in high thermally induced transformation stability, for the stress-induced transformation this is only the case for the fine grained sample. From these results, we conclude that good crystallographic compatibility of λ 2 = 1 ± 0.01 is not a sufficient criterion for good superelastic functional fatigue behaviour. Apparently, additional parameters are mandatory to avoid the accumulation of dislocations and the formation of remnant martensite. For the investigated TiNiCuCo compositions, grain refinement results in a higher yield strength and a better resistance to dislocation nucleation and movement.
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